The research results are presented of the joint project of the National Center for Research on Earthquake Engineering ͑Taiwan͒ and Stanford University on the pseudodynamic testing of a three-story full-scale reinforced concrete steel moment frame. Nonlinear stress-strain relations, corresponding to oscillations in the frame, were estimated for successive time intervals from a pseudodynamic test of strong ground motion excitation. Numerical models of the behavior of the frame under the pseudodynamic loading of four levels of input ground motion were constructed and used for estimating changes in the shear moduli in the frame during its loading and for the nonlinear identification of the frame behavior. The contents of linear and nonlinear quadratic and cubic components in the response of the frame were estimated. It was found that the frame possesses mostly odd-order nonlinearities, such as the third, fifth, seventh, etc. order nonlinearities, whereas, even-order nonlinearities, such as, quadratic, the fourth, sixth, eighth, etc. order nonlinearities, are weak. Temporal changes in the behavior of the frame were observed during the test, indicating a substantial decrease in the elastic shear moduli, increase in the absorption of seismic waves and in the contents of the nonlinear part in the response of the frame.
Engineering ͑NCREE͒ in Taiwan and Stanford Univ. on testing of a three-story full-scale reinforced concrete steel ͑RCS͒ composite moment frame was carried out in October 2002. The test specimen, 12 m tall and 21 m long, was a three-story, three-bay ''RCS'' moment frame, consisting of reinforced concrete columns and composite steel beams, as shown in Fig. 1 . The frame was among the largest specimens of its type ever tested with pseudodynamic loading. This three-story prototype structure was designed for areas of high seismicity following provisions for composite structures of the International Building Code 2000. During the test, the frame was loaded pseudodynamically by using input ground motions from the 1999 Chi-Chi and 1989 Loma Prieta earthquakes. The tests were conducted according to the following schedule: 1. October 11, 9:00 a.m.-the imposed motion was the 1999
Chi-Chi Earthquake, station TCU082, EW component, scaled to represent the seismic intensity level of the 50% probability of exceedance in 50 years (PGAϭ0.276g). 2. October 14, 9:00 a.m.-the imposed motion was the 1989 Loma Prieta Earthquake, station LP89g04, NS component, scaled to represent the seismic intensity level of the 10% probability of exceedance in 50 years (PGAϭ0.426g). 3. October 15, 9:00 a.m.-the imposed motion was the 1999
Chi-Chi Earthquake, station TCU082, EW component, scaled to represent the seismic intensity level of the 2% probability of exceedance in 50 years (PGAϭ0.622g). 4. October 16, 9:00 a.m.-the imposed motion was the 1989 Loma Prieta Earthquake, station LP89g04, NS component, scaled to represent the seismic intensity level of the 10% probability of exceedance in 50 years (PGAϭ0.426g). The input acceleration waveform is shown in Fig. 2 . Displacements and force ͑collected from the load cell of actuator͒ were recorded at the floor level of the three stories of the frame. Fig. 3 shows the recorded displacements at each floor level from the four different tests.
As a whole, the test had the following primary objectives: to provide data for evaluation and validation the design provisions for composite moment frames ͑strong-column weak-beam criterion, composite action of concrete slab and steel beams, integrity of the precast column and composite beam-column connections, and overall frame response͒; to provide information for validating simulation models and computer codes for nonlinear simulation and performance assessment; and to support the use of innovative composite moment frames as alternatives to conventional steel and concrete systems for regions of high seismicity. Based on the assumption of time-varying system, the modal natural frequencies were estimated ͑Loh et al. 2003͒ . Because of severe intensity of excitation on the frame structure it is believed that nonlinear responses of the frame structure can be observed from the experimental data. To observe the dynamic characteristics of the structure nonlinear system identification must be used.
The successful development of identification procedures for a nonlinear system depends upon the model which is used to represent the system under investigation. Experimental analysis of nonlinear systems may be accomplished by using time domain In this study the results of the test were used for validating the possibility of applying the method for estimation of nonlinear stress-strain relations ͑Pavlenko and Irikura 2003͒, for studying the response of the frame. Another goal of the present work was the nonlinear identification of the behavior of the frame, and estimation of the contents of linear and nonlinear components in the response of the frame in conditions of the applied dynamic loading.
Shear Stress-Strain Response Analysis
A simple identification procedure, which was proposed and used to study the downhole earthquake response, was adapted in this study to identify the nonlinear response of the frame structure. Using the shear beam model to describe the lateral response, shear stresses at levels z i and (z iϪ1 ϩz i )/2 may be evaluated as follows:
in which subscripts i and iϪ1/2 refer to levels z i ͑of the ith accelerometer͒ and (z iϪ1 ϩz i )/2 ͓halfway between accelerometers I and (iϪ1)] respectively, i (t)ϭ(z i ;t), 1 ϭ(0;t)ϭ0 at the stress-free surface; iϪ1 ϭmass density of the z iϪ1 to z i layer; ü i ϭü (z i ,t)ϭabsolute acceleration at level z i ; and ⌬z i ϭspacing interval between accelerometers. The corresponding second-order accurate shear strains may be expressed as
in which u i ϭu(z i ,t)ϭabsolute displacement ͓evaluated through double integration of the recorded acceleration history ü (z i ,t)]. In this study, u i (iϭ1 -3) and ü i (iϭ1 -3) represent the dis- 
Methods of Data Processing
To carry out the nonlinear identification of the frame responses, knowledge of the nonlinear stress-strain relations in the frame, corresponding to the applied loading in various time intervals, is necessary. To estimate stresses and strains, occurring in the frame during the process of its loading, the modified method of the estimation of stress-strain relations in successive time intervals was used. The procedure of estimation of stress-strain relations in soils in strong ground motion is described in detail in the paper by Pavlenko and Irikura ͑2003͒. To estimate stresses and strains in this system studied ͑frame structure͒, in this study we calculate acceleration time histories at points of locations of the recording devices, at the three floors of the frame. For calculations, sets of parametric stress-strain relations of a certain type were generated ͑250 stress-strain relations͒, and item-by-item examination was applied to identify the relations showing the best-fit approximation between the observed and simulated records. For calculations, we used the modified algorithm by Joyner and Chen ͑1975͒. To describe the behavior of the frame under the applied dynamic loading, we selected stress-strain relations of the most common type, similar to those used to describe the behavior of water-saturated soils. This choice was based on the records obtained in the test. In the domain of small strains, these stress-strain curves are close to linear ones, then they decline to the strain axis with increasing strain ͑i.e., stress and stiffness degradation͒ and, if strains increase more, the curves decline to the stress axis. This type of stress-strain relationship, if defined parametrically, represents the most common case because it can account for all the features in the behavior of a frame in conditions of loading. The records obtained in the test indicate that this type of stress-strain relation is also observed in the behavior of the frame under dynamic loading.
To account for temporal changes in the behavior of the frame, the records were divided by time intervals of 2.8 s duration, and successive time intervals were analyzed. The value of 2.8 s was selected to satisfy, on one hand, the condition of the invariability of stress-strain relations within each time interval ͑the intervals should be short enough͒; on the other hand, the condition of a rather long duration of analyzed intervals of records for obtaining reliable estimates.
Results and Discussion
The results of the simulations are given in Figs. 4͑a-d͒. These figures show the observed and simulated accelerograms for the four stages of the test. The ''observed'' accelerations were calculated based on the recorded force at the three floors of the frame. A fairly good agreement between the observed and simulated records testifies to the validity of the representation obtained. Fig. 5͑a͒ represents the stress-strain relations obtained for the four stages of the test ͑denoted as 1, 2, 3, and 4͒, which characterize the behavior of the frame under the applied dynamic loading in successive time intervals. According to our estimates, strain values did not exceed the limits of about Ϯ0.04, and stresses lay within the interval of about Ϯ8 kPa ͓Fig. 5͑a͔͒. The stress-strain relations obtained represent the model of the behavior of the frame under the applied dynamic loading. A rather good agreement between the simulated and observed accelerograms indicates that the model is a rather good approximation to the real behavior of the frame. The stress-strain relations obtained show temporal changes in the frame behavior, as is seen in Fig. 5͑a͒ . Noticeable changes in the slopes of the hysteretic curves with time can also be observed, as shown in Fig. 5͑a͒ . On the third stage of the test, the areas within the curves substantially increase, indicating increase in the absorption of seismic waves ͓Fig. 5͑a͔͒. The obtained stress-strain relations also show the difference in the responses of the frame to the same input signals, applied to the frame on the second and fourth stages of the test, with a 2 day delay, which is obviously due to changes in the stiffness of the tested frame, as a result of the applied loading.
The estimated stress-strain relations were used to calculate their slopes, averaged over the three floors of the frame and over the oscillations within each time interval; their values are shown in Fig. 5͑b͒ . Changes in the slopes of the stress-strain relations indicate changes in the shear moduli of the frame. According to the estimates, the decrease in the shear moduli was observed during the first ͑ϳ50% of the initial values͒, second ͑ϳ15% of the initial values͒, and fourth ͑ϳ15% of the initial values͒ stages of the test, whereas at the third stage they remained approximately at the same level. As far as these conclusions and the following nonlinear identification of the frame behavior under the dynamic loading are based on the constructed model of the behavior of the frame, it would be useful to validate our conclusions by analyzing records, obtained in the test. An agreement of estimates made for the model with the experimental data would testify to the validity of the model and of our conclusions.
Identification of Impulse Response Function
Based on the proposed method the impulse characteristics of the frame h 1 () was estimated, obtained in the tests ͑Fig. 6͒. Each characteristic reflects the behavior of the frame at a certain stage of the test ͑first, second, third, or fourth͒. Oscillating character of impulse characteristics h 1 () at the first and second stages of the test ͑Fig. 6, 1 and 2͒ indicates multiple reflections of seismic waves in the frame at these stages. At the third stage of the test, amplitudes of oscillations substantially decrease, and absorption increases ͑Fig. 6, 3͒, which is in good agreement with the results obtained for the model.
The maxima of h 1 (), corresponding to times of propagation of seismic waves from the bottom of the frame to the third floor, shift to larger time delays during the test ͑Fig. 6͒, was also examined. The propagation times increased from ϳ0.14 s at the first stage of the test to ϳ0.18 -0.2 s at the second and third stages and to ϳ0.24 -0.26 s at the fourth stage of the test. This confirms our conclusions, obtained for the model, concerning the decrease of the shear moduli in the frame at the first and fourth stages of the test, if we take into account that in calculating h 1 (), the main contribution comes from intervals of higher intensity, i.e., the middle and beginning parts of the records.
Nonlinear Identification
Since stress-strain relations determine the transformations of incident seismic waves into the system response, nonlinearity of stress-strain relations leads to the appearance of nonlinear components in the response, because it causes distortions in the shapes and spectra of propagating seismic waves. If an input signal is the Gaussian white noise, the relation between an input and Using the Gaussian white noise as an input signal provides essential advantages in describing nonlinear systems: orthogonality of terms in the Wiener series with respect to the Gaussian white noise allows application of the effective methods of estimating kernels, based on determination of cross-correlation functions; from the other side, the Gaussian white noise as an input signal allows the most effective testing of the system, because it contains components of all frequencies and amplitudes.
By analogy with an ordinary impulse characteristic h(t), the kernel series ͕h m ͖ can be treated as a generalized composed impulse characteristic of a system. The first-order kernel determines the linear part of the system response, whereas higher-order kernels describe interactions between the values of the input signal in the past with respect to their influence on the response at present ͑Marmarelis and Marmarelis 1978͒. If a system is linear, h 2 ( 1 , 2 )ϭh 3 ( 1 , 2 , 3 )ϭ...ϭ0, and knowledge of the first term of the Wiener series, i.e., knowledge of the first-order kernel h 1 (), is sufficient to describe the system. To describe a nonlinear system, several terms of the Wiener series are necessary. Thus, to estimate the contents of the linear and nonlinear components in the response of the frame, we calculated the propagation of the Gaussian white noise in the frame by using previously obtained stress-strain relations. Kernels h 0 , h 1 (), h 2 ( 1 , 2 ), and h 3 ( 1 , 2 , 3 ) were estimated by the method of cross-correlation functions, described in Marmarelis and Marmarelis ͑1978͒. Dash lines in Figs. 4͑a-d͒ and Fig. 5͑a͒ mark time intervals selected for the nonlinear identification of the behavior of the frame. Nonlinear identification allows us to distinguish a linear part of the system response and nonlinear corrections, which are due to various types of nonlinearity, and estimate their contributions to the response of the system; it allows determination of the types and quantitative characteristics of the system nonlinearity ͑Marmarelis and Marmarelis 1978͒.
As is seen from formulas ͑3͒-͑7͒, the contents of linear and nonlinear components in the response of a nonlinear system depend on the intensity of the testing signal. Therefore, an adequate choice of the intensity of the testing Gaussian white noise is important for obtaining faithful results. Evidently, we should choose such intensity of the testing Gaussian white noise that the contents of the nonlinear components in the response of a system studied to the Gaussian white noise were similar to that in its response to the dynamic loading applied in the test. Since the nonlinearity of the system response is determined by the nonlinearity of its stress-strain relations, this study chose Gaussian white noise as the testing input signal so that average stresses and strains occurring in the frame during the propagation of the Gaussian white noise, coincide with stresses and strains occurring in the frame under the dynamic loading in the test.
Based on the study of nonlinear acoustics ͑for example, Zarembo and Krasil'nikov 1966͒, monochromatic signals, passed through a nonlinear filter, acquire higher harmonics of their main frequencies. To emphasize these phenomena, a Gaussian white noise was selected as an input, and then the nonlinear quadratic, cubic, and higher-order components of the frame response were calculated by estimating the Wiener functionals by the method of cross-correlation functions. The intensities of the quadratic, cubic, and higher-order components of the response can be expressed in percent of the whole intensity of the response.
Nonlinear Identification w.r.t. Different Time Windows
Figs. 7, 8, 9, and 10 represent the results of the nonlinear identification of the response of the frame at the four stages of the test, respectively. Four time intervals are analyzed at each stage of the test, which are marked in Figs. 4͑a-d͒ and Fig. 5͑a͒ . The Gaussian white noise was used as an input signal, and in each time interval we chose the intensity of the Gaussian white noise so that stresses and strains that occurred in the frame were similar to those that occurred in the frame in conditions of the dynamic loading applied in the test. In the upper parts of Figs. 7-10, the identified first-order impulse characteristics of the model of the frame behavior h 1 () and the diagonal values of its impulse characteristics of the second and third orders h 2 ( 1 , 2 ) and h 3 ( 1 , 2 , 3 ) are shown. The oscillating character of h 1 () indicates an important role of reflections in the propagation of seismic waves in the frame. A decrease in the amplitudes of oscillations of the first-order impulse characteristics h 1 () is observed, most clearly appearing at the fourth stage of the test. This indicates an increase in the absorption of seismic waves in the frame and agrees well with that observed in the test data. Maxima of the first-order impulse characteristics h 1 () shift to larger time delays, and the periods of oscillations of h 1 () increase, which is due to decrease in the elastic shear moduli of the frame.
Diagonal values of the second-and third-order impulse characteristics h 2 ( 1 , 2 ) and h 3 ( 1 , 2 , 3 ) are scaled in the same manner for comparison. It is concluded that coefficients at the quadratic terms in expressions describing the respective stressstrain relations, are usually substantially smaller than coefficients at the cubic terms. Multiple reflections of seismic waves in the frame appear in the oscillating shapes of the second-and thirdorder impulse characteristics h 2 ( 1 , 2 ), and h 3 ( 1 , 2 , 3 ) . The variability of the amplitudes of the diagonal values of the secondand third-order impulse characteristics, which does not show any definite tendency, is due to the fact that these amplitudes depend not only on the shapes of the stress-strain relations, but also on In Figs. 7-10 , the results of the nonlinear identification of the behavior of the frame under the dynamic loading are presented. ''1'' indicates the Gaussian white noise, approximating the imposed motion in the test, which was used as an input signal; ''2'' is the calculated response of the frame to the Gaussian white noise; ''3'' is the response predicted by a linear model; ''4'' is the difference between the response of the frame and the response predicted by the linear model; ''5'' is the nonlinear correction due to quadratic nonlinearity of the frame; ''6'' is the difference between the response of the frame and the response predicted by the linear model with the nonlinear quadratic correction; ''7'' is the nonlinear correction due to cubic nonlinearity of the frame; and ''8'' is the difference between the response of the frame and the response predicted by the linear model with the nonlinear quadratic and cubic corrections. Discussions are made based on these nonlinear identifications. 1. The contents of linear and nonlinear components in the frame response are estimated in percent of the intensities of the response ͑Figs. 7-10͒. Table 1 shows estimates of the nonlinear components averaged over the stages of the test. The last two columns represent the ratios of the nonlinear quadratic and cubic components and the residual parts of the frame response, which are the differences between the responses of the frame and the responses predicted by linear models with the nonlinear quadratic and cubic components ͑rows 8 in Figs. 7-10͒. 2. As is seen from Table 1, the whole nonlinear component and the nonlinear quadratic and cubic components of the frame response increase in successive loadings of the frame tested. The residual part of the frame response is due to the nonlinear components of higher orders, such as, the fourth, fifth, sixth, etc., as well as to inaccuracies in the estimates. This part of the response also shows the tendency of increasing with time. Zero-order components of the responses h 0 are very small, and their values are not given. 3. Intensities of the nonlinear cubic components of the response are substantially higher than that for the nonlinear quadratic components ͑Figs. 7-10 and Table 1͒ . This means that the tested frame possesses strong cubic and weak quadratic nonlinearity. Nonlinear systems defined by hysteretic stressstrain relations, similar to those shown in Fig. 5͑a͒ , possess not only cubic nonlinearity, but also, other odd-order nonlinearities, such as, the fifth, seventh, ninth, 11th, etc. order nonlinearities, whereas, the role of even-order nonlinearities is usually small ͑Pavlenko 2001͒. Therefore, it is concluded that the tested frame possesses mostly odd-order nonlinearities, such as the third, fifth, seventh, ninth, etc. order nonlinearities.
4. However, an increase in the nonlinear quadratic component of the response of the frame during its loading is observed ͑Figs. 7-10 and Table 1͒ , which is obviously due to changes in the shapes of the stress-strain relations: the stress-strain relations gradually become more sloping and stiffness degradation is observed. This process resembles liquefaction in soils, where similar phenomena are observed ͑Pavlenko and Irikura 2002͒. Increase in the nonlinear components in the frame response is obviously related to the decrease in the elastic moduli and strength of the frame tested during its loadings. In this process, stress-strain relations change their shapes and slopes, and the domain of the linear elastic behavior of the frame decreases and shifts to smaller strains. In this case, the nonlinear components of the response obviously increase. 5. Inaccuracies in the estimates are analyzed, and correction methods are given in the paper by Marmarelis and Marmarelis ͑1978͒. The main causes of the inaccuracies are: the finite duration and the boundedness of the spectral band of the Gaussian noise, truncation of tails of normal distribution of noise amplitudes, and inaccuracies in calculations of impulse characteristics, increasing with increase in the order of the characteristic ͑Marmarelis and Marmarelis 1978͒. Additional factors causing inaccuracies are evident, such as deviations in the constructed model of the frame behavior from the real behavior of the frame, following inaccurate estimation of stress-strain relations and their working intervals; discrepancies in the contents of nonlinear components in the response of the frame in the test and in the response of its model tested by the Gaussian white noise; and inaccuracies in the profiling data. However, an accurate estimation of the linear and the whole nonlinear component is most important, because further analysis is based on these estimates. Preliminary calculations show us that the accuracy of the estimates in the nonlinear identification in this case can be rather high, and calculation errors usually do not exceed 1-2%, if we use testing Gaussian white noise of a long duration, such as, about 500,000 points, or 3 h. Multiple reflections increase errors in the estimates of linear and nonlinear components up to 3-4%, because in this case, exact knowledge of damping is very important, however, corrections should be similar for all the stages of the test, and they could not influence the tendency of increasing the nonlinear components in the response of the frame.
Conclusions
In this study it is concluded that the method of estimation of nonlinear stress-strain relations, which was previously developed for soils, can be applied for studying the response of engineering structures subjected to strong ground motion excitation. Application of this method allows us to obtain information about the behavior of the construction studied and its elastic moduli in successive time intervals. Estimated stress-strain relations can be used for the nonlinear identification of the response of the construction studied in strong ground motion, and a rather accurate estimate of the contents of linear and nonlinear components in the response can be obtained in the case of a proper choice of parameters of testing signals. Estimated nonlinear stress-strain relations in the three-story full-scale composite moment frame loaded by scaled motions of the 1999 Chi-Chi Earthquake and the 1989 Loma Prieta Earthquake in the joint tests of the National Center for Research in Earthquake Engineering in Taipei and Stanford Univ. show a substantial decrease in the elastic shear moduli in the frame by ϳ70% of their initial values during the tests. At the same time, absorption of seismic waves in the frame increased, and the contents of nonlinear components in the frame response increased from about 8.5-11% to about 15.5-19.5%, which was due to the increase of odd-and even-order components in the response. It was found that the frame possesses mostly odd-order nonlinearities, such as the third, fifth, seventh, ninth, etc. order nonlinearities, whereas, the even-order nonlinearities are weak. However, part of the even-order nonlinearities increased during the tests, which is due to changes in shapes of the stress-strain relations. Similar phenomena are observed in liquefaction of soils. of fourth test data; and ͑b͒ Gaussian white noise was used as input to identified system ͓shown in ͑a͔͒ and results of nonlinear identification of different time window 
